• An intermittent operational mode for PE of the new coupled cooling system is proposed.
Introduction
Recently, renewable energy has been attracting great attention as energy consumption and carbon emissions have significantly increased. Efficient usage of renewable energy requires reliable thermal energy storage (TES) because a disparity exists in time and space between the amount of energy generated via energy sources and user demands [1, 2] . It is known that energy sources such as solar energy, geothermal energy, industrial waste heat, groundwater, and snow do not require energy conversion prior to being stored via TES [3, 4] ; the TES system is subsequently able to release energy when heating or cooling is required.
CTES is one type of underground thermal energy storage (UTES) [5] that uses the surrounding rock (SR) of caverns as the energy storage tank. As compared with the two remaining types of UTES, which are aquifer thermal energy storage and borehole thermal energy storage, the structure of CTES is more stable, permitting adaptation to different underground environments [6] .
In addition, in contrast to above-ground thermal energy storage technology, it offers flexible design options and can be stored at various temperatures without affecting the weather and climate, thereby making CTES more suited to meet industrial requirements [7] . Park et al. [5] performed a numerical study on the reliability of high-temperature energy storage in CTES and compared the results with those of ground thermal energy storage. It was found that the amount of heat loss in the CTES system was significantly lesser than that in the ground thermal energy storage system. 4 Ghoreishi-Madiseh et al. [6] developed three-dimensional (3D) numerical models to study largescale rock-pit seasonal TES for application in underground mine ventilation. Their results suggested that seasonal TES of rock-pit was able to reduce energy consumption during heating in winter and cooling in summer.
There are still numerous problems with CTES, such as its low-energy utilization rate. In addition, with the decrease in the heat transfer temperature difference over the operational period, the energy utilization rate is further reduced. However, an intermittent operational strategy could effectively solve this problem by accelerating the recovery of the temperature difference to ensure that the SR is able to absorb and store energy. Current research on UTES with an intermittent mode mainly focuses on heat recovery performance enhancement in the ground heat exchanger, which is a single component of the ground source heat pump system. Shang et al. [8, 9] presented a 3D model of the ground heat exchanger to study the geo-temperature variation by implementing an intermittent operational mode; additionally, the effects of control factors such as thermal conductivity, backfill material, porosity, solar radiation energy, air temperature, and velocity of wind on the soil recovery process were investigated. Their results showed that the soil properties played a significant role in heat recovery, whereas the environmental factors yielded negligible influence. Cao et al. [10, 11] developed an integrated numerical and theoretical heat transfer model of a ground heat exchanger system. The impact of different intermittent ratios on the heat transfer performance of a vertical buried tube was investigated. It was concluded that the intermittent operational mode could effectively enhance the heat transfer performance of a ground heat exchanger system. In addition, Liu et al. [12] reached a similar conclusion upon studying the heat transfer performance of a ground heat exchanger in a direct refrigeration system with an intermittent mode. When Faizal et al. [13, 14] conducted an experimental study to investigate the heat transfer performance of a ground heat exchanger with an intermittent operational mode, it was found that operational durations of 8 h and 16 h within a 24 h period could increase the energy gain by 40.9% and 14.8%, respectively, as compared to the mode of 24 h continuous operation.
To the best of the knowledge of the authors, to-date research on UTES systems that implement intermittent modes primarily focus on soil heat recovery in the ground heat exchanger of borehole thermal energy storage systems. However, because the heat transfer medium of CTES includes the indoor air and cavern envelope, which significantly differs from the ground heat 5 exchanger, the requirements of CTES and ground heat exchangers are substantially dissimilar. Fig. 1 . Interior of a typical permanent refuge chamber. Fig. 1 shows an underground emergency mine rescue shelter [15] , which is purposed as a safe place for trapped miners to await rescue. In the event of a mining accident, depending on the internal and environmental conditions, the refuge chamber may become an isolated, hot, and humid space with no power supply. In China, while the base temperature of a mine refuge chamber is typically higher than 30℃, in the absence of an external power supply, the temperature in a refuge chamber must not exceed 35℃ within 96 h [16] .
As illustrated in Table 1 , it can be concluded that each of the existing cooling methods, which include CO2 phase-change cooling, explosion-proof electrical air conditioning, ventilation cooling, and ice storage cooling, have their own limitations [17] . In addition, the latent heat thermal energy storage (LHTES) system is also unable to autonomously regulate the temperature because of the large cold loads or small operating temperature difference between the high base temperature and relatively low maximum temperature. 
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To solve this problem, a new coupled cooling method implementing LHTES and pre-cooling of the envelope (PE) has been proposed by the authors, Yuan and Gao et al [17, 18] . As shown in Fig. 2(a), the envelope is pre-cooled via a forced-air system during peacetime; as this occurs, the phase-change material (PCM) absorbs and stores the cool air in units placed within the chamber.
As shown in Fig. 2(b) , when mine accident happened, the temperature can be regulated by making full use of the sensible heat storage capacity of the envelope and latent heat storage capacity of the PCM without power.
PE can not only increase the operating temperature difference (i.e., the temperature difference between the base and maximum temperatures) of the PCM, but it is also able to sustain heavy cold loads to reduce the required amount of PCM. This coupled cooling method is able to meet safety requirements, requires no power during working time, is stable and reliable under various conditions, and widens the application range of the LHTES system with respect to temperature control. Furthermore, energy can be saved by utilizing a natural cold source such as low-temperature water (i.e., less than 15℃), cold air, snow, or ice.
As has been explained, PE is an application of CTES, and the key first step in developing the coupling cooling method. Moreover, although the implementation of CTES with an intermittent mode to enhance the energy storage performance is substantially significant work, it has not been studied. Thus, this study aims to improve the heat transfer performance of CTES by implementing an intermittent operational mode and evaluating the use of PE in a mine refuge chamber. A simplified numerical model of the intermittent cold storage of the surrounding rock is established, and the influence of the IR and IP on the cold storage performance in the refuge chamber is investigated in detail. In addition, long-term intermittent CTES is optimized, and an interchanging continuous/intermittent cold storage strategy is proposed. The results of this research are not only applicable to cold storage, as they can also be applied as a reference for yielding similar improvements in heat storage efficiency.
Model establishment

Parameter settings
In the current simulation, a typical 50-person refuge chamber is selected. The control parameters of the mine refuge chamber are listed in Table 2 ; the dimensionless storage temperature Θ = (ttcs-ta)/(t0-ta).
According to the following formula [17] :
− r = 3 .6
(1) the cooled-zone radius rc, which is the heat transfer distance in SR, over a 96 h period is approximately 2 m. Thus, to meet the cold storage requirement of this study, Θ = 0.3 for a 2-mdeep SR. In the pre-cooling stage, the influence of PCM devices on indoor air temperature is neglected because of the forced-air system. Thus, a 3D numerical model of a mine refuge chamber without (a) experimental layout [19] ; (b) comparison of the experimental and 3D numerical results.
Simplification of boundary conditions
In order to verify the 3D numerical method for computing the ventilation in a cavern, the calculated result was compared to the experimental result of Zhang et al. [19] , who conducted a theoretically similar experiment in a test tunnel. The initial temperature of the tunnel was T0 = 30℃. The air supply velocity and temperature were 5 m/s and Tf = 20℃, respectively, and the period of ventilation was 3.5 h. For more details on the test tunnel and instrumentations, refer to the paper by Zhang et al. [19] . Fig. 4 (b) presents a comparison of the simulated results of this study and the experimental results obtained by Zhang et al. [19] . Θri is the dimensionless temperature calculated as (Tri-Tf)/(T0-Tf) and the error curve was calculated as ΔΘri/Θri,exp × 100%. The results show that the maximum difference in Θri values is 0.024, and that the deviation is less than 5%. As can be seen, the 3D predicted results are in good agreement with the experimental results.
Experimental result [19] Three dimensional numerical result To verify the feasibility of the simplifying the system into a 1D numerical model by applying
an adiabatic boundary condition to the standby mode, the results of calculations are compared with the 3D numerical results, as is shown in Fig. 6 . The result shows no significant difference in temperature between the 1D and 3D numerical methods; this indicates that simplifying the standby system to an adiabatic process and implementing 1D numerical method will not significantly affect the model. Moreover, because it yields high computational and time costs, 3D numerical methods are not practical over extended periods. For these reasons, a simplified 1D numerical method is presented.
One-dimensional numerical model
By simplifying the boundary condition for the standby mode, the following assumptions regarding mine refuge chambers are employed to derive the governing equations [20] [21] [22] [23] :
(i) The embedded depth of the refuge chamber exceeds 200 m, and the effects of ground temperature are neglected.
(ii) The ratio of the length to the width is larger than two, and the chamber is assumed to be a cylinder, as shown in Fig. 7 . Additionally, ri = = 2 m, where, ri is the equivalent radius of the inner wall, and S is the area of the arched section.
(iii) The change in heat conduction along the depth gradient is assumed to be negligible because of the small temperature gradient.
(iv) The change in air temperature along the depth gradient is assumed to be negligible because of the short height of the cavern.
(v) The heat transfer caused by the moisture transfer through the rock is negligible.
(vi) The thermophysical property of the SR is assumed to be constant. The equations for calculating changes in the temperature of the SR are as follows:
where T is the temperature, T0 is the initial temperature, τ is the time, α is the thermal diffusivity, r is the radius of the SR, ri is the inner wall radius, λw is the thermal conductivity, Tf is the air temperature, r∞ is the far boundary radius, IP is the time required to complete an operationstandby cycle, IR is the ratio of the inactive time τina to the operating time τope, n is a non-negative integer, and hw is the natural convective heat-transfer coefficient between the air and inner wall, which is calculated via Eq. (3) [24] :
The finite-volume method is used to discretize the functions. Fig. 8 shows the 1D computational grid of the SR. The basic discretized units are as follows: Experimental result [19] One dimesional result
in the SR can be obtained via numerical calculations.
where Fo = α·Δτ/(Δx) 2 and Bi = hw·Δx/λw, which are the Fourier number and Biot number, respectively; these numbers are implemented as parameters of the mesh size. [19] .
Model validation
To make the process of the model simplification more rigorous, after we proved the accuracy of the 3D numerical model in Fig. 4 , the calculated results of the simplified 1D model were compared to the same experimental results of Zhang et al. [19] used to generate Fig. 4 . Fig. 9 showed the comparison of the experimental and numerical results. The error curve was calculated as ΔΘri/Θri,exp × 100%. The results show that the maximum difference in Θri is 0.012 and the deviation is less than 3%. The 1D predicted results are in good agreement with the experimental results; this confirms that this model is suitable for application in the current study. The dimensionless target temperature Θ = 0.3 is indicated in Fig. 10 (horizontal dashed line).
It can be seen that the time required for the chamber temperature during continuous operation to reach the storage requirement is 92.5 d, while that of intermittent operation requires 116 d.
Therefore, the entire cold storage process can be divided into two periods: the cold storage period (CSP) and the cold preservation period (CPP). To evaluate the energy consumption of the cold storage process, the net cold storage time τn is self-defined, which is expressed as
where τc is the cold storage duration. Assuming that the energy consumption of the forced-air system operated in each day is the same, the net cold storage time τn can represent the energy consumption.
According to Eq. 
Effects of intermittent ratio
As previously mentioned, the intermittent ratio (IR) is the ratio of inactive time to operating time in a single period, which can be calculated as IR = τina / τope; it is also one of the most significant parameters in intermittent operation. In order to investigate the influence of the IR on rock temperature during the cold storage process over a period of 1 yr, all remaining parameters are kept constant. Accordingly, the IP is set to 1 d, and the IR is set to vary as follows: 0, 0.2, 0.5, 1, 2, and 5. results indicate that increasing the IR results in an extended τCSP and less energy consumption. The reason for this relationship could be that, while keeping the IP constant, as the IR is increased, the duration of operation will decrease, thereby necessitating an extended τCSP. Furthermore, because the corresponding time of inactivity will increase, the storage efficiency may improve, thereby causing energy consumption to decrease.
Effects of intermittent period
As previously mentioned, the intermittent period (IP) is the time required to complete an operation-standby cycle, which can be calculated as IP = τina + τope, and it is also one of the most significant parameters in intermittent operation. To investigate the influence of the IP on rock temperature during the cold storage process over a period of 1 yr, all other parameters are kept constant. Accordingly, the IR is set to 1, and the IP is set to vary as follows: 0.25, 0. 
15 d, the increase in the τCSP does not exceed 10%.
Control strategy for CTES for continuous and intermittent operation 3.3.1 Control strategy for the CSP
To ensure the safety of the miners, it is necessary to store cold as quickly as possible.
Therefore, the evaluation indices for the CSP include a time evaluation index τCSP, which is the duration time of CSP, and energy consumption evaluation index τn,CSP, which is the net cold storage time of CSP. According to the sensitivity analyses presented in preceding sections, it can be determined that the IR and IP yield different effects on the cold storage performance of CTES;
thus, there is a need to accordingly adjust both the IR and IP to increase efficiency. In order to comprehensively evaluate the increased efficiency with respect to time and energy, a dimensionless index φ is proposed; this index takes into account the τCSP and τn,CSP to characterize the energy saved by prolonging unit time in the intermittent mode. It is calculated as follows:
CSP CSP 0 where τn0,CSP corresponds to the τn,CSP for continuous operation, and τCSP0 corresponds to the τCSP for continuous operation. Larger values of φ result in more energy saved by prolonging unit time;
consequently, the process of energy saving becomes more efficient. 
.2 Control strategy for the CPP
The cold preservation period (CPP) refers to the long-term cold preservation process following the completion of cold storage; this process is essential to avoid the temperature (heat) recovery of rock caverns. In this study, the CPP is evaluated to determine the optimal conditions for convenience and energy saving. Specifically, when the IR is less than or equal to 11, the rock temperature during the CPP remains below the control temperature; however, when the IR is greater than or equal to 17, the temperature during the CPP exceeds the control temperature. This trend occurs because an increase in the IR indicates an increase in the duration of inactivity, thereby allotting more time for temperature recovery. Although a larger IR can conserve a greater amount of energy, a maximum IR should be established to prevent the SR temperature from progressively increasing. In a summary, as compared to the conventional continuous mode, the CSP duration is extended by 0-26%, and the energy consumption of cold storage is reduced by 68-78% in 1 yr when an optimized interchanging continuous/intermittent cold storage strategy is in the implementation.
Conclusions
This study aims to improve the heat transfer performance of CTES by implementing an intermittent operational mode. A simplified numerical simulation model of the intermittent cold storage of the rock surrounding a mine refuge chamber was established. Next, the effects of the IR and IP on cold storage performance were investigated. In addition, long-term CTES with an applied intermittent mode has been optimized, and an interchanging continuous/intermittent cold storage strategy has been proposed. The conclusions have been summarized as follows:
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(1) Temperature fluctuation is observed in the inner wall under intermittent operating conditions; the amplitude of this fluctuation is observed to gradually decrease with time and depth. The intermittent ratio and intermittent period differently influence the longterm storage of a cavern envelope. As the IR is increased, the CSP duration is progressively prolonged; however, as the IP is increased, the CSP duration exhibits a decreasing-increasing trend. Furthermore, the simulation results indicate that IR yields the most significant effect on energy consumption.
(2) The cold storage process is divided into two phases: CSP and CPP. In the CSP, a dimensionless index φ is proposed; this index takes into account both τCSP and τn,CSP, which have the ability to characterize the energy saved according to the prolonged unit time when an intermittent mode is implemented. In the CPP, to prevent temperature recovery of the surrounding rock, the method for determining an IP-dependent upper limit value for IR is established. This study demonstrates that an optimized intermittent mode can significantly reduce the energy consumption and facilitate regulation of the cold storage process without extensively prolonging the storage time. Furthermore, this strategy is not only applicable to cold storage but can also be implemented as a reference for yielding similar improvements in heat storage efficiency. [19] ; (b) comparison of the experimental and 3D numerical results. [19] . 
